We have previously cloned several members of the TGF-b superfamily of growth factors in zebrafish, one of which, Radar, belongs to the Dpp-Vg1-related (DVR) subgroup, with highest homology to GDF6. The pattern of expression of Radar suggested a possible involvement in several induction steps during embryogenesis including in the dorsal neural tube, red blood cells, the dorsal fin and the retina. We have analyzed the pattern of expression of Radar in comparison with that of a marker of dorsal neural tube structures, msxC and show that Radar and msxC are expressed in similar and/or adjacent tissues throughout embryogenesis. In order to demonstrate a functional relationship between these two proteins, we have generated a full-length cDNA for Radar and shown that Radar overexpression by DNA injection maintains expression of msxC in tissues where it is normally expressed then turned off, in particular in the dorsal neurectoderm. Study of the phenotype of a mutant carrying a deletion of Radar shows a loss of identity and death of the cells of the dorsal neural tube. Taken together these results suggest that Radar could be involved in maintaining the identity of cells of the dorsal-most neural tube and of at least a subset of neural crest cells.
Introduction
Cell-to-cell signalling is one of the main mechanisms leading to the establishment of axes and differentiation of tissues during embryogenesis. In an effort to identify new proteins involved in cell signalling events during development, we have cloned several members of the Transforming Growth Factor-b (TGF-b) superfamily in zebrafish (Wittbrodt and Rosa, 1994; Rissi et al., 1995; . One of them, Radar (rdr) (Rissi et al., 1995) belongs to the Dpp-Vg1-related subgroup (DVR) (Lyons et al., 1991) , and is closely related to the mouse Growth and Differentiation Factors 5-7 (GDFs) (Storm et al., 1994) , a subfamily distinct from the BMP2-4 and BMP5-8 subgroups (for a review of relationships between DVRs, see Hogan, 1996) . Among these, rdr is closest to GDF-6. However, since we have cloned another zebrafish member, Dynamo , that is equally close to mouse GDF-6, clarification of which -if any -zebrafish gene is the homologue of the mouse gene will require further characterization, such as the sequence of the precursor part of the mouse protein, pattern of expression, chromosomal localization and function.
The early rdr expression pattern, analyzed by wholemount in situ hybridization, suggested roles in inductive events at various stages of development, including blood cell, dorsal fin, or hypochord formation (Rissi et al., 1995) . The earliest site of expression was the dorsal-most neurectoderm. Rdr expression appears at the very beginning of neurulation in two rows of cells on either side of the Mechanisms of Development 85 (1999) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 0925-4773/99/$ -see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved. PII: S0925-4773(99)00026-X neural plate in the cephalic region corresponding to the future dorsal part of the brain (Woo and Fraser, 1995) . In later embryos, rdr is expressed in derivatives of the lateral neural plate, tentatively migrating neural crest cells and the roof plate. Rdr is also specifically expressed in the dorsal quadrant of the retina, representing the distal tip of the eye anlage. Rdr expression within the dorsal neurectoderm from the beginning of neurulation to the end of somitogenesis suggested potential roles for RDR in dorso-ventral patterning of the neural tube, differentiation of neural crest cells and establishment of a positional identity for retinal cells.
The present investigations were undertaken to characterize the function of RDR in dorsal neurectoderm formation by overexpression and mutagenesis studies. We identified and cloned, by 5′-RACE-PCR (Rapid Amplification of cDNA Ends), the missing 5′-end of the cDNA, and used a reconstructed full-length cDNA clone for functional studies in the zebrafish embryo. The effect of rdr overexpression was monitored both by observing the phenotype of the embryos and by analysing molecular markers of the potentially affected tissues. The best candidate for such genes is the transcription factor, msxC. Indeed, at all stages the expression of rdr in dorsal neurectoderm and its derivatives is paralleled by that of msxC, in overlapping or neighboring tissues, suggesting a functional relationship between these molecules Rissi et al., 1995; Ekker et al., 1997) (and this paper). We show that, when overexpressed in zebrafish embryos, rdr is able to induce msxC in some but not all types of cells. For instance, rdr has no detectable effect on msxC expression when it is ectopically expressed in notochord, somite or periderm cells. On the contrary, rdr can induce or maintain msxC expression in neural crest cells and in the anterior dorsal neural tube. We also show that mutant embryos lacking the rdr gene do not express msxC in dorsal neurectoderm and its derivatives, whereas msxC is normally maintained elsewhere. We conclude that the potentially diffusible factor rdr is likely involved in maintaining the expression of the transcription factor msxC in dorsal neurectoderm and the phenotype of at least a subset of neural crest cells.
Results

Patterns of expression of rdr and msxC during embryo development
Expression of both rdr and msxC was first detected by in situ hybridization in the late gastrula. At 90% epiboly, msxC is expressed in two, non-continuous domains which correspond to the two distinct domains of expression observed later during somitogenesis. The first domain consists of two longitudinal stripes of cells on each border of the anterior neural plate, in a manner very similar to rdr (Fig. 1A,B , arrowhead). Due to the very low expression at this stage, double in situ hybridization for both genes did not clarify whether msxC and rdr are actually expressed in the same cells. The second domain of expression of msxC is a line of cells that lie external to the neural plate, starting at the posterior end of the other site of expression, and going all around the closing yolk plug (Fig. 1A, arrow) (Ekker et al., 1997) . rdr is not expressed, in or close to, this domain (Fig.  1B) .
At 8-10 somite stages, msxC and rdr are both expressed in discrete dorsal cells (Fig. 1C,D) , which are likely to be neural crest cells (Ekker et al., 1992) . However their patterns are different: rdr-expressing cells are found along the entire length of the embryo, extending further both anteriorly and posteriorly than msxC-positive cells. Another difference is that msxC appears to be segmentally expressed in the rhombencephalon, which is never seen for rdr. A second, posterior, domain of expression of msxC is also visible (Fig. 1D) , which derives from the second domain of expression observed at 90% epiboly.
In 24-h embryos, msxC is present in the dorsal neurectoderm with a very sharp anterior limit at the midbrain-hindbrain boundary (Fig. 1E) . Rdr is present in the same tissue but in much fewer cells (of the roof plate) (Rissi et al., 1995) and at a lower level of expression. They both outline the shape of the fourth brain ventricle and extend to the posterior tip of the embryo. At 52 h post fertilization (hpf), msxC expression has become more restricted and both patterns are very similar in the dorsal neural tube (Fig. 1F,G) .
Starting around the 16-somite stage, rdr and msxC are also expressed in the distal tip of the eye anlage, the future dorsal quadrant of the retina. Rdr is first expressed from the lens to the external part of the eye (Rissi et al., 1995) , then restricted to a small zone close to the lens (Fig. 1H) . MsxC follows a similar pattern (Ekker et al., 1997) but, at 52 hpf, is present in a different, more superficial, cell layer (Fig. 1I ).
In the prospective pectoral fin, msxC appears around 24 hpf (Fig. 1E) . rdr expression is not detected at that stage, but will be strongly expressed in the apical ectodermal ridge at later stages (not shown), when msxC is present in the mesenchyme .
Identification of the 5′-end of the transcriptional unit of the rdr gene.
None of the clones of rdr isolated from a 24-h embryonic cDNA library was long enough to contain a sequence encoding a potential signal peptide (Rissi et al., 1995) . We performed a RACE-PCR reaction to identify and clone the 5′ end of rdr cDNA. All the clones from the RACE-PCR corresponded to the same nucleotide sequence. The longest ones all stopped at the same nucleotide which is likely to represent the 5′ end of the rdr transcription unit. Analysis of the nucleotide sequence showed that the amplified fragment included a short untranslated sequence of 126 nucleotides, followed by an ATG, a sequence encoding an hydrophobic peptide and 200 coding nucleotides in frame with the precedently cloned sequence (Fig. 2) . The ATG in position 127-129 is in an optimal context for translation initiation (Kozac, 1987) . Analysis of the protein sequence with the Von Heijne algorithm shows that the hydrophobic sequence has all the characteristics of a signal peptide and predicts cleavage after the serine in position plus24 after the initiator methionine (von Heijne, 1986) . We reconstituted a full-length clone encoding rdr through the SmaI restriction site in position 573-578. In vitro translation of the reconstituted construct in a reticulocyte lysate yielded a single product of the expected size (not shown).
Overexpression of rdr by DNA injection
The rdr cDNA was cloned into a plasmid under the control of the CMV promoter to allow expression after the beginning of zygotic transcription. The resulting plasmid, pCMV-RDR was injected into zebrafish embryos at the 1-or 2-cell stage. This was designed to prevent the interference with gastrulation we observed in control rdr RNA injections into zebrafish early embryos (see Section 4). Of the embryos injected with DNA concentrations of 2-10 ng ml -1 , 88% (n = 336) survived. Similar results (85% survivors, n = 212) were obtained when injecting a control plasmid, including GFP or LacZ, as insert showing that death of embryos was a result of DNA injections rather than a specific effect of RDR overexpression. In Zebrafish, injected DNA does not get evenly distributed in all the cells; it clusters in a limited number of nuclear-like structures, resulting in a high mosaicism of expression of the protein to be studied (Stuart et al., 1990) . Accordingly, we observed three major phenotypes in surviving pCMV-RDR injected embryos (phenotypes were observed 24 h after the injection). Twenty four percent (71/295) of the embryos were arrested in gastrulation: they never completed gastrulation, but did not degenerate until after 24 hpf. This phenotype has also been described for other non-related genes and is probably non-specific (Oliver et al., 1996) . All the remaining embryos (224/295) developed an axis of normal size and no axis duplication was observed. Of these, 59% (132/224 embryos) had no obvious phenotype and 41% (92 embryos) showed either enlargement of the blood-forming region (29/ 92), reduction of head size (11/92; not shown) or both (52/ 92).
Since phenotypes are not very meaningful due to the high mosaicism of expression of the injected DNA, we analyzed the expression of msxC as a marker of the dorsal neurecto- derm to clarify the effect of rdr overexpression. More than half of the embryos (61%, n = 224) that developed a complete axis exhibited over-expression of msxC, as analyzed by whole-mount in situ hybridization. Typical examples of overexpression in the dorsal neurectoderm are shown in Fig.  3B -D,I,J. In Fig. 3B , expression is strongly enhanced in the left eye and otic vesicle of the embryo, compared to a control non-injected sibling (Fig. 3A) . In Fig. 3C , abnormal expression in the anterior hindbrain region is detected. Fig. 3D shows normal expression in the head and rhombencephalon, but ectopic dorsal expression in the trunk. Fig. 3I shows unilateral expression in the left midbrain. A striking finding is that msxC overexpression was always found in either neurectoderm or the ventral part of the embryo, i.e. in tissues where msxC is normally expressed at one stage or another of the embryonic development. Ectopic expression in tissues that never express msxC was not observed. As a control, injection of the vector alone never led to the ectopic expression of msxC.
In an attempt to relate ectopic msxC expression and expression of the injected rdr, we performed double in situ hybridization, staining rdr in red and msxC in blue. Under our experimental conditions, the endogenous expression of rdr is not detectable and all the red staining observed was due to expression of the injected DNA. When rdr was expressed in tissues which do not normally express msxC or rdr, such as periderm (Fig. 3E ) cells, somites (Fig. 3F) or tail tip cells (Fig. 3G) , ectopic expression of msxC was not observed in the vicinity. Isolated purple (expressing both rdr and msxC) cells were found, exclusively in the tail (Fig. 3H ) or trunk. Their shape and position below the epidermis suggested that they could be migrating neural crest cells. In addition, red (rdr-positive) cells could frequently be found close to zones of overexpression of msxC in the dorsal neurectoderm (Fig. 3I,J) , suggesting a causative link between rdr ectopic expression and the abnormal msxC expression in neighboring cells.
This effect of rdr on msxC expression was not due to a generalized increase in transcription since expression of other markers, such as sonic hedgehog (shh), are not induced by rdr (but rather reduced, not shown). Overexpression of b galactosidase or a truncated form of rdr under the control of the CMV promoter did not interfere with development and did not modify the expression of msxC. The effects observed on phenotypes and msxC expression appeared thus, specific to rdr overexpression.
Phenotype of rdr mutant embryos
Our results showed that overexpression of rdr is sufficient to specifically upregulate msxC. To determine whether rdr was necessary for the expression of msxC within the dorsal domain of the neural tube and the retina, we first injected RNA encoding potential dominant negative rdr variants (Wittbrodt and Rosa, 1994) . Unfortunately, these RNAs were not stable enough to interfere with rdr expression during post-gastrulation stages. We therefore analyzed the regulation of msxC expression in zebrafish embryos carrying a loss of function mutation for the rdr gene. In rdr D1 mutants embryos a 27.4 cM region encompassing the rdr gene is deleted from the short arm of linkage group 16 (LG16) (see Section 4). The breakpoint is located at about 4 cM from the rdr gene (Fig. 4) . The rdr D1 mutation segregates in a non-Mendelian fashion: 15% (n = 400) of the haploid blastulae from a carrier female carry the rdr D1 mutation. Such an apparent deletion associated with an abnormal segregation ratio can be explained either by a large deletion encompassing an haploinsufficient region or by a reciprocal translocation event between two non-homologous chromosomes (Fritz et al., 1996) . In the latter case, the haploid progeny from a carrier fish should contain, in addition to an apparent deletion on LG16, embryos with an apparent deletion on the other linkage group involved in the reciprocal translocation (Fritz et al., 1996) . By using PCR primers specific for all the individual linkage groups, we failed to detect any additional apparent deletion in the progeny from the rdr D1 carrier female. This result strongly suggests that the rdr D1 mutation is a large deletion.
Haploid embryos deleted for rdr lack msxC dorsal expression
Haploid progenies of a female carrier for the rdr D1 rearrangement were analyzed as follows. Each embryo was photographed (after batch in situ hybridization when indicated), isolated (in a 96-well plate) and genotyped by PCR in the well. Until the end of somitogenesis, the ratio of rdr D1 haploid embryos was not altered, showing that no significant lethality due to the deficiency occurs during the first day of development. The low incidence of mutants per progeny, leading to an even lower proportion of homozygous diploid mutant rdr D1 embryos, prompted us to study the effects of the rdr D1 deficiency on haploid embryos. A few diploid individuals were eventually obtained, and presented a similar phenotype.
About one-quarter of the haploid embryos failed to develop an axis and could not be included in our analysis. This has been described by other authors and is likely due to epigenetic reasons (Walker and Streisinger, 1983) . The remaining rdr D1 embryos developed a characteristic phenotype. At 24 hpf, they exhibited an axis shorter than their wild-type siblings and a reduction of the head structures (Fig. 5A,B) . The opacity of tissues in the dorsal part of the brain, most notably posterior to the eyes, and in the tail region suggested that cell death occurred in these regions (Figs. 5A,B and 6A,B) . The mutants subsequently stopped growing and died shortly after 48 h. The most striking features of the 48-hpf embryos are their complete immobility and lack of pigmentation, of fins, and of recognizable interior head structures (not shown). In the head, structures are formed (in particular the eyes are visible at 24 hpf) but degenerate later. This phenotype was tightly linked to the rdr D1 deficiency: it was found in 100% (n = 145) of the rdr D1 embryos that developed an axis, and it was never found in the haploid progeny of a non-carrier, including sisters of the carrier. Analysis of the progeny from a cross between an rdr D1 female heterozygous carrier and the reference wild-type strain *AB, showed that the rdr D1 allele was recessive.
Whole-mount in situ hybridization confirmed that, as expected, rdr D1 haploid embryos did not express rdr at any site (not shown). Whole-mount in situ hybridization in mid-somitogenesis haploid embryos showed that rdr D1 embryos lacked the dorsal msxC domain, whereas their wild-type siblings expressed msxC normally (Fig. 5C ). The expression of msxC in the second, ventral, domain of expression was preserved in mutants (Fig. 5D) , excluding the hypothesis that the msxC gene is deleted in the rdr D1 mutant embryos. MsxC expression was also normal in the haploid progeny from non-carrier female siblings (not shown). Therefore the altered msxC expression appeared specific to the rdr D1 deficiency. MsxC expression could be missing in the dorsal neurectoderm because it is not induced, or because it is not properly maintained. To address this issue, we analyzed the expression of msxC during gastrulation (90% epiboly) before the phenotype is recognizable. In the rdr D1 mutant embryos, as well as in the wild-type embryos, the expression of msxC is present in both domains (not shown). Also, some of the 15-somite stage mutant embryos showed a few msxC positive cells in the dorsal part of the neural tube. These two results suggest that msxC expression in the prospective dorsal ectoderm is actually induced, but not maintained, in the absence of rdr.
Loss of dorsal neural domains in rdr D1 mutant embryos
To determine whether general dorso-ventral patterning was altered by the rdr D1 deficiency, we analyzed the expression of other region-specific markers. MsxB, another transcription factor of the same family as msxC , is expressed at a normal level in the prospective ventral fin and in the tail, but is lost in the dorsal neural tube (Fig. 5E ). The expression of the diffusible molecule wnt-1, a marker for the dorsal neural tube (Krauss et al., 1993a; McDonald et al., 1994) , is almost totally lost in the mutant (not shown). Pax-6 expression is maintained in the eyes and very reduced in the dorsal neural tube (Fig. 5F) (Püschel et al., 1992; McDonald et al., 1994) . Expression of markers for the ventral neural tube such as shh (Krauss et al., 1993b) , isl-1 (Korzh et al., 1993) and hlx-1 were grossly normal (Fig. 5G,H and not shown) .
Paraffin sections through the neural tube in the rhombencephalic region, performed on embryos double stained with shh and msxC, confirmed that the structure of the neural tube is largely respected and showed that the dorsal-most cells which normally express msxC were present, but failed to do so in rdr D1 embryos (Fig. 5I,J) . Some deeper cells, apparently migrating out of the neural keel, are still present. The opaque aspect of the live embryos suggests that these cells are actually dying. As shown in Fig. 6 , acridine orangestaining confirmed this hypothesis. The opaque brown cell clusters found mostly in the head, posterior to the eyes (Figs. 5A,B and 6A,B) , correspond to regions of increased cell death (Fig. 6A,B) .
Discussion
The pattern of expression of rdr suggested a role in dorsoventral patterning of the neural tube (Rissi et al., 1995) . We undertook functional studies, both by over-expression and by analysis of a mutant strain, to understand the role of rdr in that tissue. We first analyzed in more detail the pattern of expression of rdr at later stages, in comparison with that of the only marker of neural crest cells available at the time, the transcription factor msxC .
MsxC and rdr have similar, yet distinct patterns of expression throughout the development of the zebrafish embryo
Early on, msxC is found in two, non-continuous domains (Ekker et al., 1997 ) (this paper), that appear to evolve in an independent fashion. The 'ventral' domain of expression of msxC is first present as an incomplete circle around the closing yolk plug at 80-90% epiboly, then around the vent during somitogenesis stages and in the ventral fin. Except for some expression of rdr around the anus much later (50 hpf, not shown) there is no adjacent or encompassing domain of expression of rdr in this region. The 'dorsal' domain consists of two longitudinal stripes at the border of the neural plate at 80-90% epiboly stages, similar to the expression we described for rdr (Rissi et al., 1995) . These cells will eventually be located to the dorsomedian part of the neural keel and give rise to neural crest cells and the roof plate (Woo and Fraser, 1995) . At 8-10-somite stage, when cranial neural crest cells migrate out of the neural keel (Schilling and Kimmel, 1994) , msxC and rdr are both expressed in discrete dorsal cells, which are likely to be neural crest cells. However their patterns are different, rdr-expressing cells being found further away from the dorsal midline. This could mean either that rdr-expressing cells migrate out earlier than msxC-expressing cells, or that crest cells turn off msxC when they leave the immediate neighborhood of the neural keel. The latter is the most likely, since msxC has been described to be expressed just a little later (by 16 hpf) in dorsal neurectoderm and premigratory neural crest cells .
Both rdr and msxC are later found in organs derived from neural crest cells or the dorsal neural tube, such as the dorsal part of the retina or the dorsal fin fold Rissi et al., 1995) at 24 hpf, and in the otic vesicle (Ekker et al., 1992) (and data not shown) at 48 hpf. In pectoral fins, at 48 hpf, msxC is the only gene of the msxA-D family not to be expressed in the apical ectodermal ridge, but only in the underlying mesenchyme , while rdr is present in the apical ectodermal ridge. This makes msxC the best candidate among the msx genes to be involved in mesenchyme-ectoderm interactions with rdr.
Several examples have been reported where BMPs mediate epithelial-mesenchymal interaction by regulating the expression of msx genes: in the tooth bud, BMP-4 induces msx1 and msx2 (Vainio et al., 1993) and noggin, a BMP inhibitor, inhibits msx-1 expression (Tucker et al., 1998) ; BMP-4 can maintain msx1 expression in the mouse limb bud (Wang and Sassoon, 1995) ; and BMP induces msx1 and msx2 during ectopic bone formation in rats (Iimura et al., 1994) . To try to demonstrate that the coincident expression of rdr and msxC in several structures in zebrafish is more than circumstantial evidence of their interaction, we undertook functional analyses both by overexpression and by analysis of mutants carrying a deficiency of the rdr gene.
Ectopic expression studies suggest that rdr is sufficient for the maintenance of msxC in dorsal neurectoderm cells
We analyzed the effects of DNA-mediated rdr expression on the marker msxC. Rdr induced msxC expression. But ectopic expression of msxC was only observed in tissues which, at some stage, do normally express msxC. This was observed in the dorsal retina, the otic vesicle, the neurectoderm anterior to the rhombencephalon-mesencephalon boundary, and neural crest cells. Cells positive for both msxC and rdr, occasionally found migrating in the trunk, can be interpreted as originally msxC positive neural crest cells that did not turn off msxC upon migration due to a local overexpression of rdr. Whether this reflects an autocrine or a paracrine effect of rdr cannot be decided by these experiments.
It does not appear that rdr is able to induce msxC expression in other tissues. Either other tissues are not competent to respond to RDR or RDR is able to maintain msxC expression, but is not sufficient to induce it. These experiments suggest a direct relationship between rdr expression and the expression of a dorsal neurectoderm phenotype as revealed by the expression of the marker msxC. Proving that RDR actually controls the transcription of msxC directly will require promoter studies of the msxC gene to find RDRresponsive elements.
A deficiency is more evidence in favor of the role of RDR in the maintenance of dorsal neurectoderm identity of cells
Another argument in favor of a role of RDR in maintaining msxC expression came from the reverse type of experiments, namely deletion of rdr in the genome of the embryos. To study the effect of the absence of expression of rdr, we generated, by g-ray mutagenesis, a fish line carrying a deletion of the gene. The phenotype was analyzed on haploid embryos generated from rdr D1 -carrier females. Haploid embryos were genotyped by PCR using rdr-specific primers a posteriori, i.e. after analysis of the phenotype, in doubleblind experiments.
The rdr D1 deficiency was associated with a particular phenotype which included a short axis, degeneration of the head (after 24 hpf), and the absence of expression of all the markers of dorsal neurectoderm tested. The structure of the neural tube was preserved and the markers of more ventral structures in the neural tube were not affected. Interestingly, rdr D1 mutant embryos did not develop pigmentation or a dorsal fin, which shows that at least some of the tissues derived from neural crest cells are specifically missing.
In situ hybridization with msxC at 90% epiboly in mutants showed that, even in the absence of rdr, the expression of that marker is initially turned on. At such early stages, msxC has two domains of expression: one at the border of the neural plate which matches the expression of rdr, and a ventral one, independent of rdr. Both sites express msxC early on but, in the mutants, the dorsal neurectoderm expression is later specifically down regulated, while the other one is maintained. This suggests that the region deleted from LG16 by the rdr D1 mutation is essential for maintaining the expression of msxC in dorsal neurectoderm cells. Analysis of the expression of other markers such as wnt-1, pax-6 or msxB show that, more generally, this region is essential for dorsal neurectoderm cells to maintain their dorsal phenotype. This is in contrast with the absence of effect of the rdr D1 deficiency on the ventral neuroectoderm represented by markers including shh and isl-1. Thus the rdr D1 region is specifically required for the maintenance of the dorsal, but not the ventral character of neuroectodermal cells.
Careful observation of the embryos at 24 h of development reveals some sparse cells which are still positive for the dorsal neurectoderm markers, which is further evidence that the markers are turned on but not maintained in the absence of rdr. The live mutant embryos, from 24 hpf on, showed opacity of the dorsal neural tube cells, suggesting these cells are dying in the absence of the LG16 region defined by the rdr D1 mutation. This was further confirmed by staining with acridine orange. Interestingly, members of the BMP family have been shown to control cell death in neural crest cells (Graham et al., 1994) , in the metanephric mesenchyme (Dudley and Robertson, 1997) or in the limb autopod (Ganan et al., 1996) , suggesting that the neural degeneration observed in rdr D1 mutants might be connected with the absence of rdr gene itself.
Since the rdr D1 mutation behaves as a large deletion, the associated phenotype, particularly the loss of dorsal neuroectodermal structures, could either result from the deletion of the rdr gene itself, be a contiguous gene syndrome, or both. In zebrafish, the total number of zygotic genes essential for development during the first five days of life has been estimated to be around 3000-5000 . Based on a total genome size of 2350 cM Postlethwait et al., 1998) , and assuming that the location of genes within the zebrafish genome is random, the average number of zygotic genes essential for development in the region affected by the rdr D1 mutation (27.4 cM) should be around 30-50. If we consider only the first day of development, this figure is probably lower, tentatively 10-15. In addition, although complex, the phenotype linked to the rdr D1 deficiency is very reminiscent of the phenotype of ogr, one of the early arrest mutation induced by chemical mutagenesis, likely a point mutation . The fact that a similar phenotype can be observed with a tentative point mutation, the estimated low number of essential genes present in the region affected by the deletion together with the pattern of expression of rdr and the results of the DNA injections, strongly argues that the abnormal development of the neural crest cells' derivatives and of the dorsal neural tube observed in the mutants could be due to the lack of rdr expression. To progress further, we have attempted to rescue the rdr D1 associated phenotype by ectopic DNAmediated RDR expression. Unfortunately, rdr D1 haploid embryos appear sensitive to injections and die before their phenotype can be analyzed. The definitive assignment of the rdr D1 phenotype to a particular locus within the rdr D1 deletion will await the identification of new alleles.
In conclusion, the pattern of expression of rdr in prospective dorsal neurectoderm cells, then in the roof plate and neural crest cells and subsequently in derivatives from these structures, suggests that RDR could be involved in inducing or maintaining a dorsal phenotype in neighboring cells. DNA-mediated ectopic rdr expression and a deficiency spanning the rdr gene region have exactly opposite effects. Collectively, they suggest that RDR could be involved in the maintenance of dorsal neurectoderm character, especially in the cephalic region. RDR is not likely to be the primary factor responsible for the establishment of the identity of these cells. Other members of the BMP family could be responsible for the early induction step. For instance, in the case of dorsal neurectoderm in the trunk of the chicken embryo, it has been suggested that BMP-7 (Liem et al., 1995) could be that primary inducer. When chicken RDR or zebrafish BMP-7 clones become available, it will be interesting to test whether BMP-7 is able to induce the early expression of rdr.
Materials and methods
Identification of the 5′-end of the transcriptional unit of the rdr gene
One hundred 24-hpf zebrafish embryos were lysed by gentle manual crushing in plastic Eppendorf tubes in 4 M guanidine thiocyanate, 0.1 M sodium acetate, 0.5% lauroylsarcosine, and 0.7% b-mercaptoethanol. Total RNA was then extracted with phenol/chloroform prior to precipitation. Reverse transcription and anchoring were performed with the 5′-Amplifinder RACE kit (Clontech). The oligonu-cleotide (5′-ggcctctctgatcgacatgag-3′) used for reverse transcription was in position 644-624 (numbering: see Fig.  2 ). Nested PCR (1′ at 94°C; 1′ at 60°C; 1′ at 72°C; 30 cycles) was performed with a 3′ oligonucleotide (5′-aggttgtagacgcctgatgg-3′) in position 614-595 and the 5′ oligonucleotide matching the anchor. This yielded fragments that migrated as a single band of approximately 0.6 kb (not shown). The fragment was purified and cloned in the TA-cloning pCR-II plasmid (Invitrogen). Eight clones were sequenced on both strands with Sequenase (USB).
Gamma-ray mutagenesis, genotyping of haploid embryos and mapping
We have designed a method to identify mutant fish that lack one particular gene of interest, similar to that described by Fritz et al. (1996) . The detailed procedure and its results will be published elsewhere. Briefly, males were irradiated with g-rays and crossed with wild-type females. Haploid embryos were generated from F1 females and the DNA of each embryo was individually extracted in 96-well plates. Each embryo was then tested for the absence or presence of rdr by PCR at the 1000-cell stage. As an internal control for both the DNA extraction and the PCR, the reaction was performed simultaneously with four pairs of primers, each pair being specific for one gene of the TGF-b family (activins A and B, rdr and zebrafish-specific clone Zac7). In order to clean up the genetic background of the mutant fish, the F1 carrier female was further crossed with wildtype males. All the experiments described below were performed on haploid embryos generated from either F3 or F4 females descending from the original F1 carrier.
The extent of the rdr D1 deficiency on linkage group 16 was determined by analysis of the presence or absence of so called z-or RAPD genetic markers by PCR on individual rdr D1 haploid mutant embryos Postlethwait et al., 1998) .
To analyze the phenotype of the rdr D1 embryos carrying the deletion, the embryos were first processed for in situ hybridization with the indicated marker, individually phenotyped and photographed, then analyzed by PCR as described above in a double-blind experiment, in which the PCR was performed by a person unaware of the phenotypes of the embryos.
DNA injections
The complete coding sequence of rdr, including the 5′-but not the 3′-untranslated region and including a myc-epitope inserted in frame between residues K300 and S301, was inserted under the control of the CMV promoter into the pCMV5 plasmid for DNA injections to generate plasmid pCMV-RDR. A truncated form of rdr was also generated by a one base pair insertion in the c-myc epitope (pCMV-RDRT). This frame-shift mutation yields a stop codon 5 amino acids downstream. The clone therefore encodes a truncated protein that does not contain the mature, potentially active, part of rdr. Each cDNA was cloned into the eukaryotic vector psp64T (Melton et al., 1984) . The resulting plasmids were used to check the size of the corresponding proteins by in vitro translation performed with Promega's TnT Coupled Reticulocyte Lysate System. DNA was injected into 1-to 2-cell embryos. Control uninjected, or mock-injected, embryos were kept in the same conditions which did not alter their development. Embryos were then allowed to grow at 28.5°C to the indicated stage.
Histology
Whole-mount in situ hybridization was carried out according to standard procedures (Hauptmann and Gerster, 1994) . Alkaline phosphatase activity was detected with either Fast-Red (Sigma) or NBT-BCIP (Boehringer) as a substrate. In the DNA injection experiments, detection of rdr expression with Fast-Red was stopped after 4-5 h of incubation to detect only the injected rdr (the low levels of endogenous mRNA require an overnight to 24 h incubation to appear with Fast-Red). The antisense probe used to detect rdr expression corresponds to the Zac 15 clone (Rissi et al., 1995) and spans 800 nucleotides of the coding sequence plus the full-length 3′ non-coding sequence (1240 nucleotides). For late stages, the embryos were treated with phenylthiocarbamide to block melanin synthesis . The msxB and msxC probes were generated from plasmids kindly provided by Dr M.A. Akimenko. The plasmids used for zebrafish shh, hlx-1, isl-1, wnt-1 were gifts of Drs J.P. Concordet, D. Duboule and S. Krauss, respectively. For sections, the embryos were embedded into paraffin and sectioned as described (Rissi et al., 1995) . Acridine orange staining was performed according to .
